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Abstract

:

Sustainable bioeconomy is a promising pathway towards the transition to a circular and climate-neutral economy. The valorization of biowaste is a key player in this direction. This paper presents the design and development of the AgriPLaCE Platform, which aims to promote synergies that enable the utilization of biowaste from the fruit and vegetable supply chain. The platform consists of the AgriPLaCE Waste Management Database, which provides users with an extended list of potential utilization methods for various types of fruit and vegetable biowaste streams, and the AgriPLaCE Synergies Tool, which facilitates synergies between different actors involved in the biowaste-to-resource value chain from agricultural waste production to waste treatment and new valuable products’ exploitation. Initially, the conceptual design of both tools took place based on analysis of user needs and services alongside the system architecture. Following this, the AgriPLaCE Platform was developed with the implementation of all the necessary subsystems. The results of the platform’s implementation demonstrated its potential to generate multiple collaborations and synergies while users can also deepen their knowledge about alternative and emerging treatment technologies and valuable products from a wide range of fruit and vegetable biowaste streams.
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1. Introduction


In December 2019, the European Union (EU) announced its commitment to achieving climate neutrality by 2050. This commitment was outlined in the European Green Deal, in alignment with the goals and targets set under the Paris Agreement [1,2]. According to the position of the European Parliament [3], to protect, preserve, and improve the quality of the environment and public health, waste management should be improved and transformed into sustainable material management, promoting the principles of circular economy, enhancing the use of renewable energy, increasing energy efficiency, providing new economic opportunities and contributing to long-term competitiveness. To achieve a truly circular economy, additional measures on sustainable production must be taken, focusing on the entire life cycle of products in a way that preserves resources and closes the loops [4]. In this context, highlighting waste as a valuable material can provide greater independence in terms of raw material import needs and can create important opportunities for local economies and stakeholders to strengthen the circular economy’s alignment with various policy objectives, and deliver environmental benefits through reductions in greenhouse gas emissions. This is in line with the “industrial symbiosis” concept, which encourages collaboration and resource sharing among traditionally separate entities [5]. Originally, the concept of industrial symbiosis focused on the physical transfer of materials (such as waste, stock, or by-products), energy, and/or water between geographically proximate companies. This exchange entails one company utilizing another company’s residual flow as an input, resulting in mutual benefits and reduced environmental impact. Currently, industrial symbiosis encompasses various forms of intercompany cooperation, including resource exchange or sharing, underutilized resource utilization, utility sharing, infrastructure collaboration, and service cooperation [6,7].



Connecting industrial symbiosis and the bioeconomy can offer synergistic opportunities to enhance sustainability and resource efficiency. The European Parliament emphasizes the need to encourage investments in the development of a sustainable bioeconomy where fossil-intensive materials are replaced by renewable and bio-based ones since a switch to sustainable materials can play a significant role in the transition to a climate-neutral economy [8]. One of the most promising routes to a resource-efficient circular economy is toward bio-products and bio-based value chains. Industrial symbiosis can facilitate the exchange of bio-based resources, by-products, or waste streams between different companies within the bioeconomy. Several research studies have been carried out to explore the valorization of diverse biowaste streams, including agricultural waste [9] and industrial biowaste [10,11,12,13,14]. Additionally, there has been increasing attention towards plant-origin biowaste, specifically fruit and vegetable biowaste [12], as an area of interest for valorization efforts. Fruit and vegetable biowaste from the fruit and vegetable supply chain can originate from agriculture production, the food and beverage processing industry, retail, and the hotel, restaurant, and catering (HoReCa) sector.



Overall, while industrial symbiosis offers numerous benefits, several barriers can hinder its widespread adoption, depending on the specific context and stakeholders involved. Such barriers can be the lack of awareness and knowledge, regulatory and legal constraints, financial constraints, infrastructure limitations, and a lack of trust and data exchange between stakeholders [5,6,7]. Several tools have been created in recent years to overcome some of these obstacles. Existing tools have been categorized into different types depending on their facilitation approach in a recent literature review of information systems aiding the promotion of industrial symbiosis [15]. There are five of them: (1) open online waste markets, (2) facilitated synergy identification systems, (3) industry sector synergy identification, (4) social network platforms and communities, and (5) tools to identify potential waste-to-resource exchanges at the industry sector level [16]. They represent digital environments for businesses to find and establish partnerships for waste-to-resource exchanges.



Several recent studies [6,7,17,18,19] have explored the development of web platforms that address the utilization of various waste types as valuable resources; however, none of these platforms specifically emphasize the matchmaking of synergies for biowaste utilization. Additionally, the Sustainable Agriculture Initiative Platform (SAI Platform) [20] was established in 2002. The SAI Platform is a global membership organization dedicated to promoting sustainable agriculture on a global scale. It achieves this objective through capacity building and communication in the field of sustainable agriculture. The platform offers tools like the Sustainability Performance Assessment tool, which enables self-assessment or external assessment of sustainable agricultural practices. Nevertheless, a platform with a specialized focus on supporting the efficient utilization of fruit and vegetable biowaste through web-based matchmaking algorithms, eliminating intermediaries, is currently absent. Considering the substantial volume of fruit and vegetable biowaste generated, it is imperative to develop mechanisms for reutilizing them and fostering synergies among suppliers and demanders.



To cover this gap, an electronic platform, the AgriPLaCE Platform, focusing on fruit and vegetable biowaste valorization, was developed. In particular, this study presents the development of the AgriPLaCE Platform, which aims to promote synergies for the utilization of fruit and vegetable biowaste in the production of secondary materials. The platform consists of two (2) tools, i.e., the AgriPLaCE Waste Management Database and the AgriPLaCE Synergies Tool. Overall, the process involved formulating the concept of AgriPLaCE, conducting a literature review on fruit and vegetable biowaste valorization methods, implementing the platform, and validating its functionality and effectiveness.




2. Materials and Methods


2.1. The Concept behind the AgriPLaCE Platform


The general objective of this study was to facilitate the efficient and sustainable utilization of fruit and vegetable biowaste for resource recovery through a digital platform, the AgriPLaCE Platform. To this end, the first specific objective (SO1) was to provide a comprehensive knowledge base of fruit and vegetable biowaste management practices to various stakeholders, including agricultural producers, food processors, waste management companies, and potential end-users, and facilitate informed decision-making in this field. To achieve SO1, the AgriPLaCE Waste Management Database was designed and developed. This database serves as a centralized repository for fruit and vegetable biowaste management information. Moreover, the second specific objective (SO2) was to foster collaboration among various stakeholders from the supply chain of fruit and vegetable biowaste generation; the waste management industry, and the new valuable products industries. With this objective in mind, the AgriPLaCE Synergies Tool was created and implemented. This tool facilitates synergies between different actors involved in the biowaste-to-resource value chain. Figure 1 presents the AgriPLaCE concept and interconnections between the objectives and the AgriPLaCE tools.



Both the AgriPLaCE Waste Management Database and the AgriPLaCE Synergies Tool cater to specific user categories, i.e., waste suppliers (WS) and waste demanders (WD). The waste suppliers (WS) category encompasses a range of entities involved in the generation of fruit and vegetable biowaste, including farmers, the food and beverage industry, retailers (grocery stores, supermarkets, farmers’ markets), and HoReCa representatives. On the other hand, the waste demanders (WD) category includes owners of waste treatment technologies and industrial partners that are interested in developing technologies to produce products from biowaste.



The conceptual design was based on the assumption that there is a mutual demand and that each user category (WS or WD) requires information from the other user category to cover their needs. In specific, the WS requires information from the WD to understand how their (WS) waste could be exploited, and the WD need information regarding which WS could provide them with waste that could be exploitable by them (WD). Consequently, the need for a common waste stream categorization vocabulary arose. Additionally, it was essential to define the processes generating fruit and vegetable biowaste streams as well as the processes to treat those waste streams both through conventional waste treatment methods and through alternative and emerging ones. Moreover, it was crucial to define the sectors that would act as end-users of tio-based products. Finally, establishing the interconnections between these elements was also essential. The interconnections are depicted in Figure 2, while further details for each element are given afterwards.



2.1.1. Waste Streams Categorization Vocabulary


To address the mutual demand between WS and WD, it was necessary to investigate the fruit and vegetable biowaste streams as generated by the WSs and also, to investigate the fruit and vegetable biowaste streams specifications as they are required by the WDs for being able to receive the waste. The findings showed that waste generated in agricultural fields could be categorized per type of fruit/vegetable and then further sub-categorized into leaves, stems, twigs, and fruits/vegetables unsuitable for human consumption due to factors, such as quality standards or aesthetic preferences. Regarding the fruit and vegetable biowaste generated by the food industry and the HoReCa sector, it encompasses various components of fruits and vegetables, including pits, kernels, seeds, and peels. Additionally, unsold fruits and vegetables are also included in this category of biowaste. The reasons for the generation of such biowaste from those sectors can be attributed to factors, such as quality standards, aesthetic preferences, shelf-life limitations, overstocking or excess inventory, fluctuations in market demand, and evolving consumer preferences, among others.



The waste streams that can be exploitable by the WD were the following:




	
Waste stream category “a”: This category comprises waste streams that consist of only one part of one specific type of fruit/vegetable. Examples include kernels from apricots, peels from tomatoes, or seeds from lemons.



	
Waste stream category “b”: In this category, waste streams are formed by one part of more than one or all types of fruit/vegetable plant/s. Examples include twigs from all types of fruit and vegetable plants, or fruits/vegetables unsuitable for human consumption derived from all categories of fruit/vegetable plants.



	
Waste stream category “c”: This category includes waste streams that consist of different parts from more than one or all registered types of fruit/vegetable plants. Examples can include leaves, twigs, and seeds from all kinds of fruit/vegetable plants.








To ensure that the needs of both WS and WD would be met, it was essential to account for all possible waste streams. To achieve this, the adopted waste stream classification was defined as presented in Table 1.




2.1.2. Processes Generating Fruit and Vegetable Biowaste Streams


As was already mentioned, the economic activity, the agro-industrial sector, and the processes generating different fruit and vegetable biowaste streams were investigated. As a result, information regarding the waste stream origin was provided per waste type (part of fruit/vegetable) for each type of fruit and vegetable. This was achieved by both indicating the relevant code(s) of the economic activity(ies) generating the different waste streams based on the Statistical Classification of Economic Activities in the European Community (NACE Rev. 2) and also by providing information about the process generating each waste stream (e.g., food processing).




2.1.3. Processes Treating Fruit and Vegetable Biowaste Streams for Bio-Based Products


Regarding the fruit and vegetable biowaste treatment methods for the generation of valuable bio-based products, two categories were taken into consideration:




	
The established and frequently applied waste management methods;



	
The alternative and emerging biowaste management methods.








While the project aimed to promote alternative biowaste management solutions and emerging management techniques, conventional waste management methods, such as processes producing biogas, pellets, animal food, etc., were also considered per waste type (part of a fruit/vegetable plant) for each type of fruit or vegetable, because a lot of biowaste streams are not exploited even with conventional methods and are just discarded; however, the main part of the study was focused on defining alternative biowaste management solutions and emerging management techniques. To this end, an extended literature review was conducted. As a result, a plethora of information was extracted regarding innovative existing and emerging technologies for the treatment of the fruit and vegetable biowaste stream categories “a”, “b” and “c”.




2.1.4. Sectors That Can Act as End-Users of the Bio-Based Products


The products derived from the methods described above have a wide range of applications in different industrial sectors, including the food, cosmetic and pharmaceutical industries, polymer production, energy, etc. To this end, those sectors were identified and matched with each specific bio-based product.





2.2. AgriPLaCE Platform Development


The AgriPLaCE Platform was implemented with the latest technologies in web development, through the use of open-source platforms, offering flexible access through mobile devices and personal computers to allow easy access and use by any user from any device connected to the internet. The AgriPLaCE Platform [21], available in the Greek language, was the output of the AgriPLaCE project: ‘Valorisation of Agricultural waste for the production of innovative Plastic materials in line with the Circular Economy’ co-financed by the ERDF of EU and Greek funds (project code: Τ6ΥΒΠ-00220, MIS 5048495).



During the implementation of the AgriPLaCE Platform, the subsequent methodological phases were followed:




	
Preliminary conceptualization of the actual functionalities of the two tools.



	
Preparation of draft documents with expected visuals of the platform.



	
Enrichment of the draft documents and development of wireframes.



	
Drafting of mock-ups.



	
Mock-up revision and finalization.



	
Development of the AgriPLaCE framework. The completion of the mock-ups was followed by the actual development of the AgriPLaCE Platform.



	
Deployment of the AgriPLaCE Platform release candidate version. A fully functional version was deployed and provided for testing and further contributions.



	
Validation exercise: A validation exercise with the technical partners was organized. All comments were incorporated into the final release.



	
Final release of the AgriPLaCE Platform.








2.2.1. AgriPLaCE Platform System Architecture


The subsystems that form the AgriPLaCE platform stack followed a simple and intelligent architecture consisting of three layers, i.e., (i) the Presentation layer, (ii) the Application layer, and (iii) the Database layer [22], as depicted in Figure 3.



The user interacts with the platform by way of the Presentation layer, which provides all necessary user interfaces for performing the tools’ functionalities. Every action in the system triggers an operation on the Application layer. Conversely, when the user requests information by performing the relevant actions in the Presentation layer, the Application layer retrieves any relevant data from the Database layer, transforms it to the appropriate format, and then sends it to the Presentation layer to present the data to the user.



The Presentation layer uses JavaScript with VueJS [23] as the primary framework and additionally Vuelidate [24] for model-based validation and Vuetify [25] framework for the components. Vuetify is a complete user interface framework built on top of VueJS. The goal of this approach was to provide the AgriPLaCE platform with all the necessary features needed to build a rich and engaging user experience. Additionally, Vuetify takes a “mobile first” approach to design, which means that the platform just works out of the box—whether it’s on a phone, tablet, or desktop computer.



The Application layer incorporates the Laravel Framework [26], a free and open-source PHP web framework intended for the development of web applications. In that manner, the web application dynamically interacts with the user providing faster and smoother transitions making the website feel more responsive [27].



The Database layer encompasses a PostgreSQL database [28] for computational operations [29]. PostgreSQL is a free and open-source relational database management system that operates as a data repository for the user input data, the waste management catalogue data, and the synergies tool data.



The server is the physical container that hosts the AgriPLaCE Platform and makes all its functionality available to the public. NGINX [30] and the Apache HTTP web server software [31] resides on the server hosting all the platform’s layers. NGINX was used as a reverse proxy server for handling static content requests and Apache as the backend to serve dynamic content, offering enhanced server performance for the web platform. Each web server software has Docker containers installed to provide all the software infrastructure to host the platform. The AgriPLaCE docker contained a standard unit of software that packages up the AgriPLaCE code and all its dependencies for the application to run quickly and reliably from one computing environment to another [32].




2.2.2. AgriPLaCE User Profile


To access the full functionality of the AgriPLaCE Platform, users are prompted to register on the website by submitting relevant information regarding their waste management needs. Apart from login details, users are requested to provide the enterprise type and geographical location, as well as information regarding their waste supply or needs. These data are stored in the User Data Repository and used in the Synergies Tool for calculation of the industrial symbiosis matching. Based on the information stored in their profile, the users can view a ranked catalogue of potential waste management partners and contact them through the Synergies Tool of the AgriPLaCE Platform.




2.2.3. AgriPLaCE Waste Management Database


The AgriPLaCE Waste Management Database provides an extended list of potential utilization methods for a variety of fruit and vegetable biowaste types and acts as a catalogue for waste management applications for its users. The AgriPLaCE Database is open to the public and users do not have to be registered to the platform to access it. The list provides detailed information related to the waste, specifically:




	
Type of fruit or vegetable;



	
Waste type;



	
Processes generating waste;



	
Economic activity from which the waste originates based on NACE Rev. 2;



	
Conventional methods of waste management;



	
Emerging technologies of waste management;



	
Products derived from conventional and emerging waste management methods;



	
Economic activity and industrial sectors valorize products derived from waste.








The database users can use filters and perform an advanced search for their waste type of interest by typing keywords in the search field. The algorithm then recategorizes the results based on the specific filtering provided. Finally, users can download their search results in .xls file format for further editing.




2.2.4. AgriPLaCE Synergies Tool


The successful implementation of industrial symbiosis relies heavily on stakeholders’ willingness to collaborate and share information. Consequently, stakeholders must have trust in the platform provider regarding matters of confidentiality [7]. Thus, the AgriPLaCE Synergies Tool is accessible only to registered users. This approach ensures that any sensitive information shared on the tool remains confidential and secure. In particular, upon registration, users are requested to provide information related to their waste supply or demand needs. This process occurs in the user profile subsystem, which stores the user data input in the User Data Repository. Once the registered user enters the AgriPLaCE Synergies Tool page, the Industrial Symbiosis Matching Engine calculates the priority of each user profile stored in the user data repository and sorts all users based on their assigned priority.



Upon calculation, the user is presented with a sorted list of potential industrial symbiosis matches. Results (other platform users) with the same priority value are shown alphabetically, and the user can further categorize them by performing an advanced search of the results with the use of filters and searching by keywords. The engine then recategorizes the results based on the specific filtering provided and presents the updated list to the user. It is also possible to download the industrial symbiosis matching list in .xls file format for further editing.



Finally, the AgriPLaCE Synergies Tool incorporates a communication feature within its contact module, enabling registered platform users to connect. Specifically, following the matchmaking process, the user can send a message through the platform that reaches the receiver via e-mail. Importantly, the receiver’s e-mail is shared only if a reply is initiated, ensuring compliance with the General Data Protection Regulation (GDPR) principles.





2.3. Industrial Symbiosis Matching Algorithm


The Industrial Symbiosis Matching Engine of the Synergies Tool encompasses the profile matching algorithm, which was based on weighted variables in a weighted sum model [33,34]. Specifically, there were five indexes used for ranking the potential matching of two users. Each index was assigned one variable, which receives the value 1 in case two users have a common index value and 0 in case the users have different index values.



The priority calculation formula is:


a·K + b·W + c·R + d·U + e·M = P,



(1)




where K, W, R, U, and M are the index variables, and a, b, c, d, e are the weights of each variable, and P is the priority value.



For each index variable, a unique weight was assigned based on the importance of each index to the matchmaking process. The five indexes and the respective variables and weights are presented in Table 2.



The most important indexes (core indexes) were the “Type of fruit or vegetable” (Κ, a = 0.35) and the “Waste type” (W, b = 0.35) since those were the necessary indexes to achieve an agreement for the material to create synergy. For this reason, each one of these core indexes (“Type of fruit or vegetable”, “Waste type”) receives a higher weight than the weight of indexes that are related to the location (“Region”, “Regional unit”, “Municipality”). Moreover, the total weight of the location indexes (0.1 + 0.1 + 0.1) is lower than the individual weight of each of the core indexes (“Type of fruit or vegetable”, “Waste type”) which each is equal to 0.35.



The priority calculation matrix, based on the index variable values, is presented in Table 3.



Users receiving a higher priority value are then classified as more suitable candidates for waste transactions and appear higher on the AgriPLaCE Synergies Tool matching list. Users receiving the same priority value are then listed alphabetically.



At this point, it should be noted that when K = 0 and W = 1, the type of fruit or vegetable (K) is determined by only one of the matched users (WS or WD), while the waste type (W) is defined by both of them. For instance, this applies in situations where a WS indicates that they offer “seeds” (waste type) from “tomato”, and the WD expresses the desire to receive “seeds” without specifying the fruit’s specific type.



Users can be waste suppliers, demanders, or both based on the information stored on their profile. The AgriPLaCE Synergies tool provides two independent lists:




	
Suppliers list, presenting waste suppliers matching the user’s waste demands;



	
Demanders list, presenting waste demanders matching the user’s waste supplies.








In case the user falls under only one category, e.g., is a waste supplier, the waste supplier list performs the same algorithm showcasing the user’s competition based on the same criteria.





3. Results


3.1. Results Related to AgriPLaCE Waste Management Database


The extended literature review on processes generating fruit and vegetable biowaste resulted in the identification of a diverse range of alternative and emerging biowaste treatment technologies with the potential to produce valuable materials that have applications across a wide spectrum of industrial sectors. These emerging biowaste treatment technologies descriptions are provided to the users through the AgriPLaCE Waste Management Database. The user can access information about waste treatment technologies for waste streams of interest (waste stream categories “a”, “b” and “c”) or obtain insights into which stream categories (“a”, “b” and “c”) can be effectively treated using the waste treatment technologies that align with their interests. This inclusive approach ensures that both user categories (WS and WD) can obtain specific and pertinent information.



Following is a summary of the identified fruit and vegetable biowaste treatment methods applicable to different waste stream categories (“a”, “b” and “c”):




	
Valuable components’ extraction processes (relevant to waste stream category “a”). For instance, these processes may include the extraction of various types of oils from the peels and kernels of fruits such as lemons, oranges, or from vegetables. Additionally, extraction methods have been applied to obtain lycopene from tomato peels, extract pectin from watermelon peels, and isolate valuable compounds, such as chlorogenic acid, vanillic acid, and ferulic acid, from pear peels. Numerous other valuable ingredients have also been extracted from various waste streams using similar processes [12,35,36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53,54,55,56,57,58,59,60,61,62,63,64,65,66].



	
Volatile fatty acid (VFA) production (relevant to waste stream category “b”). Fruit and vegetable waste (flesh) have been used as raw materials for the production of VFAs. VFAs are chemical building blocks, which are globally demanded by the chemical industry. Due to their functional groups, they are suitable precursors necessary for the production of chemicals, such as biopolymers, polyhydroxyalkanoates (PHAs), polylactic acids (PLAs), ketones, esters, alcohols, aldehydes, alkanes and biofuels, such as CH4 and H2 [67,68,69,70,71].



	
PHA and PLA production (relevant to waste stream category “b”). Traditionally, bioplastics have been primarily produced from food crops, such as corn starch, tapioca roots, or sugar cane; however, in recent years, there has been a growing focus on utilizing bio-waste, including the flesh of fruit and vegetable waste as a raw material for bioplastic production [72].



	
Insect protein production for animal feed (relevant to waste stream category “b”). Many varieties of insects are used for animal feed, so mass production of edible insects for animal feed appears to be a viable method to meet the growing demand for animal protein. Regarding the feed provided to farmed animals, restrictions have been established at EU level. In this context, insects intended for farmed animals’ feed must be fed exclusively with materials of plant origin. Therefore, fruit and vegetable waste (flesh) has been used as a suitable raw material for insect farming [73,74].



	
Production of “green” building materials (relevant to waste stream category “c”). Certain types of biowaste, such as leaves, stems, and branches, can be effectively used as a valuable source of fibers to reinforce building materials, such as panels or for the production of biocomposites.



	
2,3-butanediol production (relevant to waste stream category “c”). 2,3-butanediol is a valuable chemical building block with a wide variety of applications in areas, such as chemical, energy, food, and polymer production. The industrial production of this compound is carried out by chemical methods from fossil sources and requires high energy intensity and the use of expensive catalysts. 2,3-butanediol is an alcohol that has been produced by fermentation of sugars derived from a wide range of plant raw materials: garden waste, vegetable and fruit waste (fruits, stems, leaves, and branches) [75].



	
Microalgae production for animal feed (relevant to waste stream category “c”). The use of fruit and vegetable waste (flesh) could be applied to the production of microalgae. Fruit and vegetable flesh is a rich source of nutrients necessary for the growth of algae [76,77,78,79].



	
Biochar production (relevant to “c” waste stream). Biochar is produced by a process called carbonization. This process involves pyrolysis in the absence of oxygen. The pyrolysis process has been employed on both the small and industrial scale to generate biochar from residual forest and agricultural biomass; hence, fruit and vegetable waste can be utilized for biochar production [80,81].








Figure 4 presents a summary representation of fruit and vegetable biowaste treatment methods for all waste stream categories.




3.2. Results Related to the AgriPLaCE Synergies Tool


To illustrate the functionality of the AgriPLaCE Synergies Tool, a hypothetical use case of five potential users (one waste supplier and four waste demanders) was presumed, where the main user is a waste supplier (WS) seeking potential partners (waste demanders) in need of the supplied waste (WD 1, 2, 3 and 4). Each user has provided information on their profile upon registration, where they have selected their needs from a given list of items. For the Synergies Tool, the functionality was based on five indexes, where the users selected the values presented in Table 4.



These data were extracted from the User Data Repository and fed to the Industrial Symbiosis Matching Engine as inputs to perform calculations. Based on the common index values between the waste supplier and each waste demander, each potential collaboration pair received a binary value for each index variable. The index variable matrix for each potential pair is presented in Table 5.



Then, the engine calculated each demander’s priority for the given supplier profile and sorted the synergies tool list based on the users with the highest priority ranking. The flow diagram of the use cases for the user priority calculation and Synergies Tool list sorting is depicted in Figure 5.



On the left side of Figure 5, the flow diagram of the Industrial Symbiosis Matching Engine algorithm is depicted, while on the right side, the user profile data are compared, and index variables take the value 1 when the respective index values are the same and the value 0 when the respective index values are different. In these cases, the priority equations are calculated as follows:


0.35 · 1 + 0.35 · 1 + 0.10 · 1 + 0.10 · 0 + 0.10 · 0 = 0.80



(2)






0.35 · 0 + 0.35 · 1 + 0.10 · 1 + 0.10 · 1 + 0.10 · 0 = 0.55



(3)






0.35 · 1 + 0.35 · 1 + 0.10 · 1 + 0.10 · 1 + 0.10 · 1 = 1



(4)






0.35 · 0 + 0.35 · 0 + 0.10 · 1 + 0.10 · 1 + 0.10 · 1 = 0.30



(5)







Based on these calculations, the system presented the list to the waste supplier, sorted by the highest priority:




	
Waste Demander 3



	
Waste Demander 1



	
Waste Demander 2



	
Waste Demander 4








Apart from the use case presented above, the Synergies Tool was tested with over 20 different user profiles (both waste suppliers and demanders,) showcasing multiple potential users and successful collaborations that arise through the use of the AgriPLaCE Platform.





4. Discussion


Numerous efforts have been undertaken to foster industrial symbiosis synergies via a digital platform, targeting the valorization of diverse waste and wastewaters. In the subsequent paragraphs, the most pertinent initiatives will be presented and compared with the AgriPLaCE Platform for comparative analysis.



Akrivou et al. [6] presented a conceptual framework for industrial symbiosis matchmaking, specifically designed for a waste valorization marketplace. This framework aimed to provide users with a comprehensive evaluation that incorporates both quantitative and qualitative information, thereby contributing to the decision-making process. The total relevance score was calculated taking into consideration the sub-scores derived from three different level scoring systems: (i) level A: stakeholders’ compatibility regarding industrial symbiosis compliance level assessed via a questionnaire, expressed as sub-score A; (ii) level B: flow analysis, expressed as sub-score B; and (iii) level C: environmental impact of a potential synergy through Life Cycle Assessment; however, it is important to note that the research did not encompass the development of a matchmaking algorithm, similar to the case of the AgriPLaCE platform. Nevertheless, it is worth mentioning that, akin to the AgriPLaCE Platform, the study conducted by Akrivou et al. [6] also considered compatibility based on flow characteristics (both quality and quantity) as a fundamental aspect of their matching concept. This research also proposes quantifying the impact assessments for the synergies created, aiming to provide potential users with information regarding the most environmentally friendly synergies. This aspect, which is not currently included in the AgriPLaCE matching algorithm, could be seen as a potential area for future improvement of the AgriPLaCE Platform.



The e-Symbiosis platform [19] was a web-based platform that enabled users to participate in industrial symbiosis activities to improve resource efficiency across the economy. The creation of synergies on the e-Symbiosis platform between users was achieved through a matchmaking algorithm. The three different user categories were waste providers, solution providers, and waste demanders. The users were matched based on the resources’ categorization, the availability and quantity of the resources, the location, and the supply pattern. While there are certain similarities between the AgriPLaCE Synergies Tool and the e-Symbiosis Synergies Tool, a key difference lies in the scope of their coverage. The e-Symbiosis platform aimed to encompass all types of waste that may arise within a given region. In contrast, AgriPLaCE specifically focused on biowaste originating from the fruit and vegetable value chain. Moreover, in the e-Symbiosis tool, biowaste types were classified into broader categories, whereas AgriPLaCE offered a precise classification specifically for fruit and vegetable biowaste. This meticulous classification system in AgriPLaCE facilitated the identification of highly specific utilization opportunities, enabling the application of a wide range of valorization techniques.



On the other hand, the main objective of the first Industrial Symbiosis Platform in Italy [18] was to launch industrial symbiosis through a geo-referenced information system. It served as a tool to support businesses and the local community. It incorporated a taxonomy designed for capturing input–output data from companies, encompassing resources, such as “materials, energy, services, and skills,” while utilizing official national codes for numerous inventories; however, it should be noted that the waste classification in this platform is not as comprehensive as in AgriPLaCE, as it primarily focuses on broader categories.



The Online Brine Platform (OBP) [17], which is focused on industrial saline wastewater, aimed to create direct synergies between its users. While both the AgriPLaCE Synergies Tool and the Online Brine Platform considered the quantity, quality characteristics, and location of flows in the matchmaking process between users, there is a notable distinction. In the case of the OBP, the roles are not limited to waste receivers and waste providers but also include waste providers (and heat providers), technology providers, recovered material demanders and recovered material providers. It is important to highlight that the OBP’s primary focus of interest lies in saline wastewater, which is entirely different from the focus of the AgriPLaCE Platform.



Finally, the SAI Platform [20] is a tool designed to assess outcomes and track progress in four impact areas of agricultural activities related to soil, biodiversity, water, and climate. The SAI Platform is a portal where registered users can use the Farm Sustainability Assessment (FSA) and Sustainable Dairy Partnership (SDP) online training, technical documents, and guidance materials exclusively for members. The FSA enables food and beverage businesses to assess, improve, and validate on-farm sustainability in their supply chains. In addition, this platform provides a space for knowledge-sharing, networking, and collaboration among stakeholders in the agro-industrial sector. It facilitates discussions on sustainable practices, promotes research findings and technological developments, and creates opportunities for partnerships and projects related to the valorization of agro-industrial waste. While the platform indirectly contributes to addressing the issue of waste management and utilization of biological origin, its primary focus is on broader aspects of sustainable agriculture rather than directly connecting waste producers with waste demanders from the fruit and vegetable supply chain.



The implementation of the AgriPLaCE Digital Platform has demonstrated promising results in terms of its potential contribution to the sustainable bioeconomy and circular economy, specifically through the effective utilization of fruit and vegetable biowaste. By facilitating the exchange of resources, the platform plays a crucial role in waste reduction. Additionally, it can enhance economic performance by lowering costs and fostering the emergence of novel business opportunities and circular business models.



Furthermore, an important characteristic of the AgriPLaCE Platform is its scalability, which allows for potential expansion to encompass additional industries and resources. This scalability offers the opportunity for even greater environmental and economic benefits. As the platform continues to grow and evolve, new synergies and opportunities for resource exchange are likely to arise, further bolstering sustainability efforts and diminishing the environmental impact within the fruit and vegetable supply chain and the biowaste-to-resource value chain.



While the results of the evaluation were positive, there were certain challenges and limitations to the implementation of the AgriPLaCE Platform. One notable challenge is ensuring the active participation and engagement of all relevant industries within the region. While some users may readily embrace the platform and recognize its potential benefits, others may exhibit reluctance in terms of sharing information or engaging in resource exchange. This emphasizes the significance of ongoing outreach and education efforts to effectively communicate the advantages of industrial symbiosis and the digital platform.



Another limitation pertains to the necessity for continuous maintenance and updates of the AgriPLaCE Platform. As new industries and resources are integrated, it becomes crucial to ensure that the database remains up-to-date and accurate. Furthermore, continuous user feedback and evaluation are essential in identifying areas for improvement and ensuring that the platform effectively caters to the needs of its users. By addressing these challenges and limitations, the platform can further enhance its functionality and maximize its potential impact.
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Figure 1. The AgriPLaCE concept and interconnections of objectives and AgriPLaCE tools. 
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Figure 2. Interconnections between the elements of the AgriPLaCE concept. 
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Figure 3. The AgriPLaCE System Architecture. 
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Figure 4. Fruit and vegetable biowaste treatment methods for all waste stream categories. 
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Figure 5. Synergies Tool functionality flow for the use case scenario. 
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Table 1. Waste classification in AgriPLaCE Platform.
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Type of Fruit/Vegetable

	
Waste Type (Part of Fruit/Vegetable Plant)






	
Type 1

	
peels




	
pits/kernels/seeds




	
twigs




	
leaves




	
stems




	
fruits/vegetables unsuitable for human consumption




	
Type 2

	
…




	
…

	
…
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Table 2. Synergies Tool indexes with respective variables and weights.
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	Index
	Variable
	Weight





	Type of fruit or vegetable
	K
	a = 0.35



	Waste type
	W
	b = 0.35



	Region
	R
	c = 0.10



	Regional unit
	U
	d = 0.10



	Municipality
	M
	e = 0.10
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Table 3. User matching priority matrix based on index variable value.
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	Priority
	K
	W
	R
	U
	M





	1
	1
	1
	1
	1
	1



	0.90
	1
	1
	1
	1
	0



	0.80
	1
	1
	1
	0
	0



	0.70
	1
	1
	0
	0
	0



	0.65
	0
	1
	1
	1
	1



	0.55
	0
	1
	1
	1
	0



	0.45
	0
	1
	1
	0
	0



	0.35
	0
	1
	0
	0
	0



	0.30
	0
	0
	1
	1
	1



	0.20
	0
	0
	1
	1
	0



	0.10
	0
	0
	1
	0
	0



	0
	0
	0
	0
	0
	0
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Table 4. Use case of a waste supplier (WS) and four waste demanders (WD) index values.
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	Index
	WS
	WD 1
	WD 2
	WD 3
	WD 4





	Type of fruit or vegetable
	Tomato
	Tomato
	-
	Tomato
	Melon



	Waste type
	Seeds
	Seeds
	Seeds
	Seeds
	Rind



	Region
	Attica
	Attica
	Attica
	Attica
	Attica



	Regional unit
	Piraeus
	Athens Central
	Piraeus
	Piraeus
	Piraeus



	Municipality
	Perama
	Athens
	Piraeus
	Perama
	Perama
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Table 5. Use Case of a waste supplier (WS) and four waste demanders (WD) index variable values.






Table 5. Use Case of a waste supplier (WS) and four waste demanders (WD) index variable values.





	Variable
	WS—WD 1
	WS—WD 2
	WS—WD 3
	WS—WD 4





	K
	1
	0
	1
	0



	W
	1
	1
	1
	0



	R
	1
	1
	1
	1



	U
	0
	1
	1
	1



	M
	0
	0
	1
	1
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